Introduction
The last several years have witnessed a dramatic increase in our understanding of the roles osteocytes play in skeletal biology. Although the potential importance of these cells has been recognized for decades [reviewed in (1) ], there has until recently been limited evidence for the functional role of osteocytes in specific processes. Several factors have contributed to recent progress. First, loss-of-function studies for genes expressed predominantly in osteocytes have revealed important roles for these genes in skeletal biology (2;3). Second, mutations in the SOST gene and its regulatory elements were identified in the human diseases sclerosteosis and Van Buchem disease; and sclerostin, the product of the SOST gene, was found to be expressed predominantly by osteocytes and to suppress bone formation (4) (5) (6) (7) (8) . Lastly, the identification of DNA fragments of the dentin matrix protein 1 (DMP1) gene that can drive osteocyte-specific expression of transgenes has led to the development of genetic tools that can be utilized for gain-and loss-of-function studies specifically in this cell type (9) (10) (11) . Using such tools, two independent studies have recently implicated osteocytes as a major source of the osteoclastogenic cytokine receptor activator of NFκB ligand (RANKL) (12;13) . The goal of this review is to highlight this evidence and to discuss how these findings may impact concepts related to bone remodeling.
Osteoblast-lineage cells and osteoclastogenesis
The idea that osteoblast-lineage cells control osteoclast differentiation and function originated more than 30 years ago with the observation that receptors for osteoclastogenic hormones, such as parathyroid hormone (PTH), are present on cells with osteoblastic characteristics but not on osteoclast progenitors (14) . Subsequent work demonstrated that cell lines with osteoblastic characteristics or cell preparations rich in osteoblast progenitors support osteoclast formation in co-cultures with osteoclast progenitors (15;16) . Eventually, M-CSF and RANKL were identified as the factors produced by support cells that are essential for osteoclast differentiation in vivo, thereby providing a mechanistic explanation for the requirement of osteoblastic cells for osteoclast formation (17) (18) (19) .
However, there are several stages within the osteoblast lineage at which these cells might be involved in osteoclastogenesis. Osteoblasts are derived from mesenchymal progenitors via a process that requires the sequential action of the transcription factors Runx2 and osterix (20) . Matrix-synthesizing osteoblasts are recognized by their cuboidal shape, their location on newly formed bone matrix, and the expression of relatively osteoblast-specific genes such as osteocalcin. During the process of bone formation, matrix-synthesizing osteoblasts have at least three potential fates (21) . Some of them become embedded within the bone matrix and are thereafter referred to as osteocytes, which continue to live and function within the mineralized tissue. At the end of the remodeling cycle, some osteoblasts become flattened and then remain as quiescent lining cells at the bone surface. Lastly, some matrixsynthesizing osteoblasts die by apoptosis.
Several approaches have been used to identify the stages of osteoblast differentiation that may be involved in the support of osteoclast formation. One of the few in vivo approaches used conditional ablation of matrix-synthesizing osteoblasts to determine whether they play any role in bone resorption (22) . In this study, Karsenty and co-workers induced the death of replicating osteoblast progenitors by administering gancyclovir to mice harboring a thymidine-kinase transgene under the control of the osteocalcin promoter. This maneuver killed replicating progenitors and thereby blocked the supply of new osteoblasts. Thus, over time osteoblasts were depleted from the bone surface as they became osteocytes, lining cells, or died by apoptosis. After several weeks of gancyclovir administration, these mice completely lacked osteoblasts and had no bone formation, yet osteoclast surface and bone resorption markers were unaffected. More recently, we have performed a similar study using a collagen I promoter -thymidine kinase transgenic model and shown that depletion of osteoblasts also had no effect on basal or PTH-stimulated RANKL mRNA levels in bone (23) . These results demonstrate that matrix-synthesizing osteoblasts, and their immediate replicating progenitors, are not required for osteoclast differentiation, and thus cannot be essential osteoclast support cells.
Another approach to identify osteoclast support cells has been correlation of RANKL expression with the relative stage of osteoblast differentiation in various in vitro cell models. BMP treatment of C2C12 cells confers on them the ability to support osteoclast differentiation and express RANKL and M-CSF, suggesting that commitment to the osteoblast lineage may be involved in osteoclast support (24;25) . In addition, the MLO-Y4 cell line, which displays many characteristics of authentic osteocytes, expresses high levels of RANKL and supports osteoclast formation in the absence of any external stimulus, suggesting that cells at the other end of the osteoblast spectrum also support osteoclast formation (26) . However, genetic deletion of Runx2, which is required for commitment to the osteoblast lineage, or suppression of its essential cofactor Cbfβ, has no effect on RANKL expression in multiple cell models (23) . Moreover, promotion of osteoblast differentiation in human primary bone cells or in an osteoblastic cell line reduces RANKL expression and inhibits the ability of the cells to support osteoclast differentiation (27;28) . In contrast, osteoblast differentiation of primary murine cells has been shown to either suppress osteoclastogenesis without changing RANKL expression (29) , or to stimulate osteoclast formation as well as RANKL expression (30) . Thus these in vitro approaches have led to conflicting conclusions regarding the stage of osteoblast commitment and differentiation at which RANKL may be expressed and thereby support osteoclast formation.
Identification of osteoclast support cells has also been attempted by histological localization of RANKL expressing cells in bone sections. In situ hybridization and immunohistochemistry have detected RANKL expression in many different bone cell types, including cells at the endosteal surface, spindle-shaped mesenchymal cells at the periosteum, mature osteoblasts, osteocytes, and hypertrophic chondrocytes (17;31-33) . While in situ hybridization and immunolocalization can be useful for determining whether a particular cell in a tissue section expresses a gene of interest, both techniques yield only qualitative endpoints due to the low dynamic range of their signals. Thus, it is difficult to compare the relative abundance of a gene of interest in different cell types using such techniques. Moreover, with the exception of chondrocytes and osteocytes, the identity of the cell types expressing RANKL can be difficult to determine conclusively. Most importantly, these techniques do not indicate whether RANKL expression in a particular cell type is functionally relevant.
Osteocyte RANKL is essential for cancellous bone remodeling
To address the functional significance of RANKL expression in various cell types, we have developed mice in which RANKL, encoded by the tnfsf11 gene, can be deleted in genetically-defined cell populations using Cre-loxP technology (13) . We reasoned that crossing these mice with mice that begin to express the Cre recombinase at different stages of osteoblast differentiation should reveal which stages, if any, are essential sources of the RANKL involved in osteoclast formation. The laboratory of Hiroshi Takayanagi has independently developed mice harboring a similar RANKL conditional allele (12) .
To determine whether any cells of the mesenchymal lineage are important sources of RANKL, we began by deleting the RANKL conditional allele using Prx1-Cre transgenic mice, which express the Cre recombinase in mesenchymal progenitors in developing limbs (34) . Mice lacking RANKL in Prx1-Cre-expressing cells developed severe osteopetrosis with retention of calcified cartilage in limb bones caused by a complete absence of osteoclasts (13) . This phenotype is identical to that caused by germline deletion of RANKL (35) , demonstrating that mesenchyme-derived cells are an essential source of RANKL for osteoclastogenesis.
In our initial attempt to examine the role of osteoblast lineage cells, the RANKL gene was inactivated using the osterix1-Cre and osteocalcin-Cre transgenes, which become active at the commitment stage of osteoblastogenesis and in more mature osteoblasts, respectively (36;37). RANKL deletion with both of these transgenes also caused severe osteopetrosis associated with failure of tooth eruption, retention of calcified cartilage in bones formed by endochondral bone formation, and dramatically reduced osteoclast staining (13) . Moreover, the cartilage retention phenotype was also obtained by deleting RANKL with a collagen XCre transgene, which expresses the Cre recombinase in hypertrophic chondrocytes (38) . In each of these models, the strong RANKL immunostaining that occurs in hypertrophic chondrocytes of control mice was eliminated in the conditional knockout animals (13) . These results strongly suggest that hypertrophic chondrocytes are the major source of RANKL driving the formation of the osteoclasts that resorb calcified cartilage during endochondral bone formation. Our next step was to utilize a DMP1-Cre transgene, which is active predominantly in osteocytes (10) , to delete the RANKL conditional allele. Tooth eruption was normal in mice lacking RANKL in DMP1-Cre-expressing cells. When analyzed at 5 weeks of age, resorption of calcified cartilage was also normal and there was only a mild increase in bone mass (13) . In a separate study, Takayanagi and colleagues used the same DMP1-Cre transgene to delete their RANKL conditional allele and also observed normal skeletal development and bone mass when the mice were analyzed at birth (12) . However, both studies demonstrated that bone mass increases with age in mice lacking RANKL in DMP1-Cre-expressing cells. Importantly, deletion of RANKL from DMP1-Cre-expressing cells reduced the number of osteoclasts on cancellous bone as well as circulating markers of bone resorption. In addition, both bone formation (12) and circulating osteocalcin (13) were reduced in the conditional knockout mice due to the coupling of bone formation to bone resorption. These results strongly suggest that osteocytes are an essential source of the RANKL that controls osteoclast formation during cancellous bone remodeling.
Osteocytes versus other cell types
Osteoclasts are formed at different skeletal sites for different purposes. The results of the conditional RANKL deletion studies demonstrate that the osteoclasts that form at these different sites require different support cells in each case. Specifically, the finding that osteocyte-derived RANKL is not required for tooth eruption or resorption of calcified cartilage during endochondral bone formation demonstrates that other cell types must supply the RANKL required for osteoclast formation in these processes (13) . In addition, femurs in mice with germline deletion of RANKL display the Erlenmeyer-flask or club shape that is typical of severe osteopetrosis (35) . However, femurs in mice lacking RANKL in osteocytes are normally shaped indicating that modeling of the metaphyseal cortex of long bones is controlled by cells other than osteocytes. Thus the role of osteocyte-derived RANKL may be limited to bone remodeling.
Bone lining cells have also been proposed as an important source of RANKL for bone remodeling (39;40) . Although the cellular lineage and function of lining cells are not entirely clear (41) , preliminary lineage tracing studies confirm the long-standing idea that they are former osteoblasts, at least at the periosteum of murine calvaria and long bones (42) . This evidence, together with the finding that the DMP1-Cre transgene used in the RANKL deletion studies leads to recombination in matrix-synthesizing osteoblasts (13) , raises the possibility that at least some of the reduction in osteoclast number in these conditional knockout mice is due to loss of RANKL in lining cells. Nonetheless, Takayanagi and colleagues were able to detect RANKL protein in osteocytes by immunostaining (12) and we demonstrated that PTH stimulates RANKL mRNA abundance in cortical bone that had been extensively digested with collagenase to remove surface cells, which presumably included lining cells (13) . While these findings indicate that osteocytes produce RANKL, they cannot exclude the possibility that RANKL produced by osteoblast-derived lining cells also contributes to osteoclastogenesis in cancellous bone. To directly address this issue, it will be necessary to develop Cre-deleter strains that have activity in osteocytes but not in osteoblasts or lining cells. In preliminary studies, we have found that deletion of RANKL using a Sost-Cre transgene produced a skeletal phenotype similar to that produced using the DMP1-Cre transgene (Xiong and O'Brien, unpublished results). Importantly, the Sost-Cre transgene is active in osteocytes but not osteoblasts, supporting the contention that RANKL produced by osteocytes but not lining cells controls cancellous bone remodeling.
The conclusion that osteocytes are a major source of RANKL leads to the question of how osteocyte-derived RANKL reaches osteoclast progenitors. The discovery that osteocytes control bone formation via secretion of sclerostin has established that osteocyte products can effectively reach precursor cells in the bone marrow (8) . RANKL is produced as an integral membrane protein that can be shed to produce a soluble form (17) . Although some in vitro studies have suggested that cell-to-cell contact between osteoclast progenitors and support cells is required for osteoclastogenesis (15) , other studies have demonstrated that conditioned medium from the MLO-Y4 osteocytic cell line, which produces large amounts of RANKL (26) , is sufficient to stimulate osteoclast formation (43) . Moreover, expression of soluble RANKL (sRANKL) via a liver-specific promoter was sufficient to increase bone resorption in transgenic mice (44) . Thus osteocytes may control osteoclast formation via production of sRANKL. On the other hand, osteocyte projections extend to the bone surface (45) leaving open the possibility that RANKL on the membrane of such projections interacts with osteoclast progenitors.
Osteocyte RANKL in biomechanics
Changes in mechanical load alter both bone mass and shape (46) . Osteocytes within the lacunocanalicular network have long been proposed as the cells best suited to detect changes in load and then send signals that cause bone to be resorbed or formed in response to such changes (1) . Mechanical strain regulates several molecular signals produced by osteocytes, including nitric oxide, prostaglandins, and sclerostin, which can influence bone resorption and formation (47) (48) (49) . The recently demonstrated role of osteocyte RANKL in controlling cancellous bone remodeling suggests that RANKL may be another factor used by osteocytes to achieve skeletal adaptation.
The loss of mechanical load, such as occurs with bed rest or space flight, results in bone loss in part due to increased bone resorption (46;50). Conversely, excessive or fatigue loading induces formation of microcracks in areas of cortical bone which are subsequently resorbed (51). Importantly, both situations increase osteocyte apoptosis in specific regions of bone (50;51). Indeed, tail-suspension stimulates osteocyte apoptosis which is followed by bone resorption targeted to areas containing the apoptotic osteocytes in mice (50) . Similarly, osteocyte apoptosis increases in fatigue-loaded rat ulnas in areas surrounding microcracks (51) . In the latter case, inhibition of osteocyte apoptosis prevents the intra-cortical resorption that occurs in response to microcracks (52) , suggesting that osteocyte apoptosis controls osteoclast recruitment to the damaged area. Consistent with this idea, Tatsumi and colleagues have demonstrated that stimulation of osteocyte apoptosis, in-and-of-itself, is sufficient to stimulate bone resorption that is associated with an increase in RANKL production in bone, but the cellular source of the RANKL was not determined (39) .
Taken together, these studies suggest that osteocyte apoptosis generates one or more signals that increase bone resorption and direct it towards the area of bone containing the dead or dying cells. Apoptosis induced by serum starvation, or cell death induced by mechanical damage, increases production of sRANKL by MLO-Y4 cells as well as their ability to support osteoclast formation (43;53) . In our recent study using mice with a conditional RANKL allele, we found that hindlimb unloading increases RANKL mRNA levels in cortical bone and that deletion of RANKL from DMP1-Cre expressing cells blunts the cortical bone loss associated with hindlimb unloading (13) . These results, together with the finding that unloading induces osteocyte apoptosis (50) , are consistent with the idea that osteocyte apoptosis stimulates bone resorption by increasing production of RANKL by osteocytes. However, it is unknown whether the elevated levels of RANKL are produced by dying osteocytes, healthy neighboring osteocytes, or both. Based on these lines of evidence, we have proposed the more general concept that cells embedded within mineralized matrix, such as osteocytes and hypertrophic chondrocytes, are ideally suited not only to detect the need for resorption, but also to target the resorption process to specific areas.
Osteocyte RANKL in Hormone Action
PTH controls the rate of bone remodeling and is a potent stimulator of RANKL expression (54) (55) (56) . We have shown that PTH stimulates RANKL expression via a distant transcriptional enhancer, which we have termed the distal control region (57) , and that mice lacking this enhancer have low bone turnover (58) . These results demonstrate that one of the main mechanisms that PTH uses to control bone turnover is stimulation of RANKL production. However, the identity of the cells in which PTH controls RANKL expression in bone is not clear. Recently, we demonstrated that transgenic expression of a constitutively active PTH receptor in osteocytes was sufficient to increase RANKL production in bone as well as increase the rate of bone remodeling (59) . In addition, two preliminary studies have demonstrated that deletion of the PTH receptor from osteocytes is sufficient to increase bone mass in adult mice (60;61) . In one of these studies, the high bone mass was associated with reduced bone resorption and reduced RANKL mRNA abundance in bone (60) . Thus, studies using gain-and loss-of-function of the PTH receptor are consistent with the contention that PTH controls bone remodeling by stimulating RANKL production in osteocytes.
Sex steroids also control the rate of bone remodeling, predominantly by suppressing osteoclastogenesis (21) . Compelling genetic studies have shown that estrogen receptor (ER) action in osteoclasts mediates much of the effect of estrogen on osteoclastogenesis (62;63) . Nonetheless, increased osteocyte apoptosis is another consistent finding in sex steroid deficiency (64) (65) (66) (67) (68) . Moreover, Schaffler and colleagues have demonstrated that blockade of osteocyte apoptosis prevented the increase in cortical bone resorption that occurs in ovariectomized mice (65) . Thus, similar to fatigue loading, loss of sex steroids may stimulate bone resorption in part by increasing osteocyte apoptosis and thereby RANKL expression.
There is very little evidence suggesting that estrogens or androgens directly control RANKL transcription (33) . However, cell surface RANKL is elevated in lymphocytes, as well as in cells that may be osteoblast progenitors, in the bone marrow of early postmenopausal women (69) . Consistent with this, preliminary studies using the RANKL conditional allele have shown that the ovariectomy-induced loss of cancellous bone is blunted in mice lacking RANKL in B lymphocytes (70) . Moreover, orchiectomy increases the level of sRANKL in the bone marrow of rats, possibly due to increased shedding of membrane-bound RANKL (71;72). Thus, some evidence suggests that loss of sex steroids increases the abundance of RANKL protein and that this contributes to the increase in bone resorption associated with this condition. However, additional genetic deletion studies will be necessary to determine whether osteocytes are a significant source of this increase in RANKL.
Impact on remodeling theory
It is generally thought that the purposes of bone remodeling are to maintain skeletal mechanical properties and support mineral homeostasis (73) . Bone remodeling is accomplished by teams of osteoclasts and osteoblasts acting within the anatomical structure known as the basic multicellular unit (BMU) (74) . The large reduction in osteoclast number in mice lacking RANKL in osteocytes indicates that the number of BMUs is reduced in these mice. One possible conclusion based on this finding is that RANKL produced by osteocytes is a major stimulus for BMU origination and thus the overall rate of bone remodeling. Jilka and colleagues have recently reported that infusion of sRANKL or PTH stimulates bone resorption to similar levels, but that sRANKL does not increase bone formation to the same extent as PTH (75) . These findings suggest that when remodeling is increased in response to RANKL, coupling mechanisms alone are not sufficient to maintain balanced remodeling, and that other mechanisms, such as suppression of the Wnt antagonist sclerostin, are necessary to increase bone formation to maintain focal balance. Work over the last several years has demonstrated that osteocytes are a major source of sclerostin (8;48;76;77) . Thus the ability of osteocytes to independently control the rate of bone remodeling and the magnitude of bone formation may endow osteocytes with the unique ability to tailor the response of the remodeling apparatus to meet specific needs. In other words, osteocytes may control the number of BMUs via RANKL and the focal balance between resorption and formation within the BMUs via sclerostin (Figure 1) . Additional levels of control may also be involved as suggested by a recent study showing that sclerostin stimulates RANKL expression in MLO-Y4 cells and primary human osteoblasts (78) . A more complete understanding of the signals and mechanisms that control RANKL and sclerostin expression in osteocytes should help to clarify the extent to which these proteins work together to control physiological or pathological bone remodeling. Model depicting mechanisms by which osteocytes may independently control bone resorption and bone formation. Osteoclasts (OCs) and osteoblasts (OBs) within a cancellous BMU are shown as being derived from precursors (pOC and pOB). Osteocytes alter the rate of bone remodeling by controlling osteoclast formation via production of RANKL. On the other hand, osteocytes also control the balance between formation and resorption by regulating osteoblast formation via production of sclerostin. Sclerostin may have additional actions such as stimulation of RANKL expression by osteocytes.
